Abstract. Angiopoietin 2 (Ang2) is an important regulator of angiogenesis, blood vessel maturation and integrity of the vascular endothelium. The correlation between the dynamic expression of Ang2 in tumors with regions of high angiogenic activity and a poor prognosis in many tumor types makes Ang2 an ideal drug target. We have generated MEDI3617, a human anti-Ang2 monoclonal antibody that neutralizes Ang2 by preventing its binding to the Tie2 receptor in vitro, and inhibits angiogenesis and tumor growth in vivo. Treatment of mice with MEDI3617 resulted in inhibition of angiogenesis in several mouse models including: FGF2-induced angiogenesis in a basement extract plug model, tumor and retinal angiogenesis. In xenograft tumor models, treatment with MEDI3617 resulted in a reduction in tumor angiogenesis and an increase in tumor hypoxia. The administration of MEDI3617 as a single agent to mice bearing human tumor xenografts resulted in tumor growth inhibition against a broad spectrum of tumor types. Combining MEDI3617 with chemotherapy or bevacizumab resulted in a delay in tumor growth and no body weight loss was observed in the combination groups. These results, combined with pharmacodynamic studies, demonstrate that treatment of tumor-bearing mice with MEDI3617 significantly inhibited tumor growth as a single agent by blocking tumor angiogenesis. Together, these data show that MEDI3617 is a robust antiangiogenic agent and support the clinical evaluation and biomarker development of MEDI3617 in cancer patients.
Introduction
Angiopoietins and their receptor, Tie2, play important roles in physiological vascular growth and maintenance as well as pathological angiogenesis. Of the four known angiopoietin ligands (Ang1, Ang2, Ang3 and Ang4), Ang1 and Ang2 are better characterized ligands of the Tie2 receptor (1) . Although there is approximately a 60% sequence homology between Ang1 and Ang2, they have distinct functional roles with the role of Ang2 being highly context dependent (1, 2) . Binding of Ang2 to the Tie2 receptor has been shown to result in dissociation of pericytes from the vascular endothelium of blood vessels, thereby providing a permissive environment for stimulation of the endothelial cells by pro-angiogenic factors such as VEGF and FGF (2, (3) (4) (5) . Studies have shown that Ang1 is important in maintaining vessel stability during the quiescent, mature state of angiogenesis, whereas Ang2 is required for vascular remodeling. Ang2 expression is elevated in the context of active angiogenesis, including pathologic angiogenesis associated with tumorigenesis. Ang2 is stored and released by WeibelPalade bodies in endothelial cells (6) . The expression of Ang2 has since been reported to be dynamic, primarily upregulated in regions of either hypoxia (7) or regions undergoing vascular remodeling (8) (9) (10) (11) .
Evidence for elevated Ang2 levels has been associated with diverse tumor types including melanoma, breast, colon, hepatocellular, renal cell and ovarian carcinoma (1, 2, (12) (13) (14) (15) . In contrast, given the role of Ang1 in maintaining vascular stability, Ang1 expression is constitutively expressed in adults (2, 14) . Several groups have reported low circulating Ang1/Ang2 ratios correlate with either poor survival or more advanced disease (16) (17) (18) . Tie2 expression is primarily localized to endothelial cells, hematopoietic cells and in certain types of tumor cells such as Kaposi sarcoma and melanoma (19) (20) (21) (22) . Of note, there also exists a subpopulation of Tie2-expressing monocytes that has been reported to possess angiogenic activity associated with the recruitment of tumorassociated macrophages, which are recruited to disease sites MEDI3617, a human anti-Angiopoietin 2 monoclonal antibody, inhibits angiogenesis and tumor growth in human tumor xenograft models by Ang2 expression (23) , suggesting a role for Ang2 in the tumor microenvironment. Given the role Ang2 plays in pathological angiogenesis and inflammation, it is an attractive drug target for cancer. In this current study, we describe the characterization of MEDI3617, a human IgG1κ monoclonal antibody directed against human Ang2. MEDI3617 was generated using the Xenomouse ® technology and is selective for inhibition of recombinant human Ang2 (rhuAng2) binding and phosphorylation of the human Tie2 (huTie2) receptor. Indeed, in tumor xenograft models, treatment of mice with MEDI3617 as a single agent resulted in broad antitumor activity through modulation of tumor angiogenesis. Delayed tumor regrowth was achieved when MEDI3617 was combined with either chemotherapy or bevacizumab. We were able to demonstrate the functional effect on angiogenesis through a multi-modality approach using novel techniques such as fluorescence molecular tomography (FMT) imaging and microCT imaging of vascular casts. Of note, we also observed effects on size of vessel calibers and significant elevation of hypoxia in MEDI3617-treated tumors.
Materials and methods
Cell lines. Colo205 (human colorectal carcinoma; CCL-222), A498 (human renal cell carcinoma; HTB-44), 786-0 (human renal cell carcinoma; CRL-932), PLCPRF/5 (human hepatocellular carcinoma; CRL-8024), Calu6 (human lung carcinoma; HTB-56), LoVo (human colorectal carcinoma; CRL-229) and HeyA8 (human ovarian carcinoma) cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA). All cell lines were authenticated by DNA profiling for 9 markers in April 2011 (RADIL). Colo205 and 786-0 cells were cultured in RPMI-1640 media containing 10% fetal bovine serum (FBS), A498 and PLCPRF/5 cells in Eagle's minimum essential medium (EMEM) with 10% FBS (Invitrogen, Carlsbad, CA) and HeyA8 in DMEM 10% FBS (Invitrogen). Hek293 cells were transfected with full-length human Tie2 and maintained in DMEM supplemented with 10% FBS and 2 µg/ml puromycin (Invitrogen). All cell lines were cultured in humidified incubators at 37˚C and 5% CO 2 .
Ang2-Tie2 competitive binding ELISA. Maxisorp plates (Nunc, Rochester, NY) were coated with 4 µg/ml human Tie2-Fc (R&D Systems, Minneapolis, MN), blocked with 0.5% BSA/0.1% Tween-20/PBS buffer, and then washed with 0.05% Tween-20/PBS. MEDI3617 ranging from 0.4 to 6.6 pM in PBS was added to wells followed by 200 ng/ml biotinylated huAng2 (R&D Systems). Plates were washed, incubated with 1:5000 Streptavidin HRP (Pierce, Rockford, IL) and developed with TMB substrate (3, 3' , 5, 5'-tetramethylbenzidine) solution (KPL, Gaithersburg, MD). Reaction was stopped and read at OD 450 nm using a Molecular Devices VMAX plate reader (Sunnyvale, CA).
pTie2 immunoassay. Plates were seeded with 1x10 Hek293-Tie2 cells in growth media and incubated overnight (37˚C, 5% CO 2 ). MEDI3617 ranging from 0.02 nM to 133.3 nM were incubated with 2 µg/ml of recombinant Ang2 (R&D Systems) at a 1:1 ratio. Cells were lysed with RIPA buffer (Boston BioProducts, Ashland, MA) and total protein was quantitated using the bicinchoninic acid assay (BCA) protocol (Pierce).
Plates (MesoScale Discovery, Rockville, MD) were coated with 2 µg/ml anti-human Tie2 antibody (Abcam, Cambridge, MA), blocked (1X TBS, 3% MSD blocker A, 0.05% Tween-20) and 10 µg of sample lysate was added to each well in duplicates and incubated. Anti-pTie2 antibody (1 µg/ml) (R&D Systems) was added to each well and incubated with 0.5 µg/ml sulfo-tag goat anti-rabbit antibody (MesoScale Discovery) and quantitated with a MesoScale SI6000 plate imager (MesoScale Discovery).
Immunoprecipitation and western blot analysis for total and phosphorylated Tie2. Protein samples (80 µg) were immunoprecipitated with Tie2 monoclonal antibody (Ab33; Cell Signaling, Danvers, MA) and protein A/G sepharose beads (Pierce). SDS-PAGE was performed with 4-12% bis-tris gels and phosphorylated and total Tie2 were detected with anti-phosphotyrosine monoclonal antibody (4G10; Millipore, Billerica, MA) and total Tie2 antibody (Ab33; Cell Signaling).
In vivo studies with subcutaneous tumor xenografts. Female athymic nu/nu mice (Harlan, Indianapolis, IN) were implanted subcutaneously (s.c.) with 3x10
6 Colo205 or 5x10 6 LoVo or 5x10 6 PLCPRF/5 cells or 5x10 6 cells HeyA8 (50% Matrigel) or 10x10 6 A498 (50% Matrigel) cells into the right flank. For the 786-0 model, 3 mm 3 size tumor fragments were implanted into right flank. Efficacy was measured as percent tumor growth inhibition (TGI) relative to vehicle treated group. Error bars were calculated as standard error of means and two-way ANOVA was used for statistical analyses (n=10 mice/ group). All studies performed on mice in these studies were approved by the MedImmune Institutional Animal Care and Use Committee (IACUC). MedImmune is an Association for Animal Acrreditation of Laboratory Animal Care (AAALAC) accredited facility.
Basement membrane extract (BME) plug assay. Cultrex (Trevigen, Gaithersburg, MD) with or without 1 µg/ml fibroblast growth factor (FGF2) (R&D Systems) was implanted subcutaneously into female athymic nu/nu mice (Harlan) (day 1). MEDI3617 was administered intraperitoneally (i.p.) at 1, 10 or 20 mg/kg (n=12 per group) on days 1, 4 and 8 of implantation. On day 11, FITC-dextran (Research Organics, Cleveland, OH) was administered intravenously and plugs were harvested. Plugs from 6 mice were placed in 10% neutral buffered formalin (NBF) (VWR, West Chester, PA) and stained with hematoxylin and eosin. Plugs from another 6 mice were homogenized for FITC-dextran content analysis in triplicates and fluorescence measured using EnVision Multilabel Plate Reader (Perkin Elmer, Waltham, MA). Functional vessels were quantitated in relative luminescence units. Results were normalized against BME/PBS plugs. Statistical analyses using Proc GLM in SAS ® , and Tukey-Kramer method was used for pair-wise comparison.
Retinal angiogenesis study. CD1 mouse pups (Harlan) were dosed i.p. with 0.3, 1.0 or 10 mg/kg MEDI3617 (n=3 in untreated and each treatment group) on days P1 (day of birth), P3, and P5. On P8, pups were perfused with 12.5 mg/ml FITC-dextran (Sigma, St. Louis, MO) through the left ventricle. Eyes were fixed in 10% NBF, retinas were flat-mounted and imaged with fluorescence microscopy. Percent growth of retinal vasculature was calculated as (distance migrated from optic nerve/distance of edge of retina from optic nerve x100). Three retinas were examined from each group, two measurements were taken from each retina flap and one-way ANOVA was used for statistical analyses.
Vascular casting and micro-computed tomography (CT)
imaging. Mice bearing Colo205 tumor xenografts received 1000 U/ml heparin i.p. and 17 ml of microfil MV-122 (Flow Tech, Carver, MA) was perfused at a rate of 2 ml/minute. The cast were dehydrated from 25 to 100% ethanol gradient and cleared in methyl salicylate. Brightfield images were captured using a Nikon Eclipse 50i microscope. CT images (Inveon CT module, Siemens Medical Solutions USA, Inc, Knoxville, TN) were acquired at 80 kV with a current of 500 µA at a nominal resolution of 18 µm. CT images were reconstructed using COBRA-EXXIM software using a downsample factor of 1 and a Shepp-Logan backprojection filter method. . Mice received either no treatment (n=4) or 10 mg/kg MEDI3617-treated (n=4) groups on day 1 and 5 after baseline images were obtained. Mice were scanned in the FMT on day 0 (baseline) and day 8 as follows: mice were intravenously injected with 2 nmol AngioSense 750 (blood pooling agent) (VisEn Medical) and scanning was performed at 745/780 nm (excitation/ emission). Mann Whitney statistical analysis was conducted to demonstrate statistical significance in this study. 
Hypoxia detection in

Results
MEDI3617 inhibits rhuAng2 binding and phosphorylation of huTie2 receptor. MEDI3617, a human IgG1κ monoclonal
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antibody that recognizes the fibrinogen binding domain of human Ang2 was generated using the Xenomouse technology, with equilibrium dissociation constant (K D ) for the binding of MEDI3617 to rhuAng2 determined to be 42 pM. We demonstrated using a competitive ligand-binding ELISA assay that MEDI3617 selectively inhibits binding of rhuAng2 to the huTie2 receptor with an EC 50 of 0.510 nM (R 2 =0.999; Fig. 1A ) but does not compete with rhuAng1, rhuAng3 or rhuAng4 (data not shown). As shown in Fig. 1B and C, MEDI3617 effectively blocked the rhuAng2-induced phosphorylation of the Tie2 receptor with an IC 50 value of 0.85 nM (R 2 =0.992) using HEK293 cells overexpressing human Tie2. On the other hand, MEDI3617 was ineffective in blocking rhuAng1-induced phosphorylation of the Tie2 receptor (data not shown).
MEDI3617 inhibits retinal angiogenesis. MEDI3617, which is mouse cross-reactive, was evaluated in vivo for its ability to inhibit neonatal retinal angiogenesis, a developmental process previously demonstrated to be dependent on Ang2 expression (9, 24) and, thus, not to be generalized with mature vessel formation in adults. As shown in Fig. 1D , retinal vasculature from both untreated and 0.3 mg/kg MEDI3617 treated pups migrated from the optic nerve to the proximity of the retina edge (dotted lines). Both the 1 and 10 mg/kg MEDI3617 treated groups, respectively, demonstrated inhibition of retinal angiogenesis, where 1 mg/kg MEDI3617 (p<0.05) and 10 mg/kg MEDI3617 (p= 0.0015) resulted in similar significant inhibition in comparison to the untreated group ( Fig. 1D and E) .
MEDI3617 inhibits FGF2-induced angiogenesis in basement membrane plug models.
The anti-angiogenic activity of 1, 10 or 20 mg/kg MEDI3617 in blocking FGF2-induced angiogenesis was evaluated in BME plugs implanted into athymic nude mice. A significant reduction in the amount of FITC-dextran content within the BME plugs was detected in the 1 mg/kg (p=0.0001), 10 mg/kg (p=0.0002), and 20 mg/kg MEDI3617 (p=0.0001) treated groups relative to untreated animals ( Fig. 2A) . BME/FGF2 plugs harvested from another set of mice were stained with hematoxylin and eosin in order to visualize the vessels within the plugs. The non-cellular BME component appears more eosinophilic and the only hematoxylin-positive nuclei of neoangiogenic vessels within the plugs stained purple. As shown in Fig. 2B , sections from untreated BME/FGF2 plugs appeared dense with vessels containing red blood cells (arrow head), indicating that these are functional vessels that would have been detected through the FITC-dextran perfusion described in Fig. 2A . On the other hand, it was interesting to note that mice treated with 1, 10 or 20 mg/kg MEDI3617, respectively, had vessels devoid of red blood cells (arrow head), which could explain the decreased FITC-dextran perfusion. Overall, plugs evaluated from mice treated with either 10 or 20 mg/kg MEDI3617 contain fewer vessels (Fig. 2B) .
MEDI3617 results in tumor growth inhibition in a broad
range of tumor xenograft models. Treatment of mice with MEDI3617 results in varying degrees of tumor growth inhibition (TGI), ranging from 45 to 85%, in a broad spectrum of tumor xenograft models including colorectal cancer (LoVo, Colo205, Fig. 3A and E) , renal cell cancer (786-0, Fig. 3B ), ovarian cancer (HeyA8, Fig. 3C ) and hepatocellular cancer (PLCPRF/5, Fig. 3D ). Similar antitumor activity in response to MEDI3617 treatment at 3 and 10 mg/kg was observed in the LoVo, HeyA8, PLCPRF/5 and Colo205 models (Fig. 3A-E) , respectively. The most sensitive model was 786-0 since it showed more potent TGI of 85% (p<0.001) and 70% (p<0.001) at 1 and 10 mg/kg MEDI3617 doses, respectively. In Fig. 3E , while the Colo205 tumors continued to progress through the first two treatments with 1, 3 and 10 mg/kg MEDI3617, when the mean tumor volume was ~400 mm 3 by day 20, growth of tumors in groups treated with 3 or 10 mg/kg MEDI3617 had stabilized for the remainder of the study. Based on the results observed in Fig. 3E , we evaluated the effect of MEDI3617 in more established, larger Colo205 tumors, which should be more dependent on a remodeling vasculature than smaller tumors. As shown in Fig. 3F , treatment with MEDI3617 at a dose of 10 mg/kg resulted in tumor stasis. A dose-dependent TGI was observed between 1 and 10 mg/kg MEDI3617, which resulted in a TGI of 56% (p<0.0001) and 86% (p<0.0001), respectively (Fig. 3F) .
MEDI3617 inhibits angiogenesis through modulation of vessel lumen area within tumor xenografts.
To further characterize the pharmacodynamic effect of MEDI3617 on tumor vasculature, size-matched, Calu6 tumor xenografts were dosed (i.p. twice) with either 1 or 10 mg/kg MEDI3617 and harvested 24 h later. The Calu6 model was chosen for study because the vasculature appears more homogeneously distributed throughout the tumor. Immunostaining with anti-CD31 antibody revealed significant reduction in vessel lumen area. Treatment with 1 mg/kg and 10 mg/kg MEDI3617 resulted in 51% (p=0.016) and 59% (p=0.0041) decrease in mean lumen area, respectively (Fig. 4A) . In addition, we used a combination of vascular casting technique (Fig. 4B) and microCT imaging (Fig. 4C and Table I) , to evaluate the functionality of tumor vessels after treatment with MEDI3617. In comparison to vascular casts derived from untreated Colo205 xenografts, treatment with 10 mg/kg MEDI3617 reduced the overall vascularity observed within the tumor, indicative of a reduction of functional vessels ( Fig. 4B and C, and Table I ). Given the decrease in vessel lumen area and vessel perfusion, we utilized a noninvasive approach using Fluorescence Molecular Tomography (FMT) to monitor the effect of MEDI3617 on tumor angiogenesis in vivo. Specifically, we delivered AngioSense ® , a fluorescently labeled 250 kDa macromolecule, intravenously into mice such that functional vessels within Colo205 xenografts could be visualized and quantified. As seen in Fig. 5A , while fluorescence signal of untreated group intensified over time (intense red signal at day 8), the fluorescence signal in the 10 mg/kg MEDI3617 treated group at day 8 diminished (blue signal) in comparison to baseline images (day 1). The fluorescence signal from each mouse on day 8 is quantitated in Fig. 5B , which demonstrates a significant decrease in the MEDI3617 treated group (p=0.03).
In order to understand the functional effect of MEDI3617 on the tumor xenografts, we evaluated the hypoxia status of MEDI3617-treated Colo205 xenografts. Mice were given two doses of either 1 or 10 mg/kg MEDI3617 and hypoxia status was analyzed 24 h after the second dose was administered using Hypoxyprobe™ (Fig. 5C ). An Aperio positive pixel count (PPC) algorithm was used to artificially color (red) and quantitate the hypoxic area that stain positively with anti-hypoxyprobe ( Fig. 5C  and D) . Sections from animals treated with either 1 or 10 mg/ kg MEDI3617 were significantly more hypoxic as compared to untreated animals (p<0.05, Fig. 5D ). Consistent with this functional effect of hypoxia within these tumors, we were able to detect significant upregulation of HIF-1α (p<0.0001) and VEGF (p<0.0001) protein in tumor extracts isolated from MEDI3617 treated samples at the end of the treatment period (Table II) . (Table I) . Visually, there appeared to be more tumor vessels in untreated samples in comparison to tumors treated with 10 mg/kg MEDI3617. Red color denotes thresholding the density of the casting material within the tumor, hence relating to the tumor vasculature. and the IgG1 isotype control groups had more than doubled in size whereas treatment with 10 mg/kg MEDI3617 caused a significant TGI of 27.1% (p<0.0001) (Fig. 6A) . Treatment with 15 mg/kg of paclitaxel alone resulted in a robust TGI of 97.2% (p<0.0001). Similarly, the combination of paclitaxel with 10 mg/kg MEDI3617 resulted in a significant TGI of 101.3% (p<0.0001). While it did not appear that combining MEDI3617 with paclitaxel enhanced the antitumor efficacy of paclitaxel alone, we observed a 10% partial regression only in the combination arm of 15 mg/kg paclitaxel with 10 mg/kg MEDI3617 (Fig. 6A) . During the regrowth phase, combination of 10 mg/kg MEDI3617 with 15 mg/kg paclitaxel resulted in significant delayed regrowth (p<0.05) in comparison to 15 mg/ kg paclitaxel as a single agent (Fig. 6A) . Importantly, the combination of MEDI3617 with paclitaxel did not result in body weight loss (data not shown).
Combination of MEDI3617 with chemotherapy and anti-VEGF inhibits growth of human tumor xenograft models in athymic
Given that it is well-established that the Ang/Tie and VEGF/ VEGFR2 pathways are important in tumor angiogenesis, we rationalized that inhibition of both pathways would result in maximal inhibition of tumor vasculature. In addition, as we found that treatment of tumor models with MEDI3617 also results in hypoxia, leading to a significant upregulation of VEGF, these data further emphasize the importance of inhibiting of both Ang2 and VEGF. Since bevacizumab is specific for human VEGF, we could only evaluate such a combination in a xenograft model where the tumor itself was expressing human VEGF. Liang et al have reported that HPAC tumor xenografts express approximately equal amounts of h-VEGF (116±30 pg/mg) and m-VEGF (146±39 pg/mg), and demonstrated that treatment of HPAC tumor-bearing mice with bevacizumab resulted in moderate inhibition of tumor growth (25) . As shown in Fig. 6B , during the dosing phase, 10 mg/ kg MEDI3617 administered to mice bearing HPAC tumors resulted in TGI of 26% and 5 mg/kg bevacizumab resulted in a TGI of 26%. Combination of 5 mg/kg bevacizumab with 10 mg/kg MEDI3617 resulted in TGI of 50%. During the regrowth phase, the combination of 5 mg/kg bevacizumab with 10 mg/kg MEDI3617 resulted in the greatest tumor growth delay than either single agent alone (Fig. 6B) . Overall, combination of bevacizumab and MEDI3617 did not result in body weight loss.
Discussion
Angiopoietin 2 (Ang2) is an important regulator of angiogenesis, blood vessel maturation, and integrity of the vascular endothelium (1, 26) . The expression of Ang2 in tumors is dynamic and correlates spatially with regions of high angiogenic activity. Increased Ang2 expression has been associated with diverse tumor types which include breast, colon, lung, renal, prostate, and ovarian cancers (13) . Increased levels of Ang2 correlated with poor prognosis in non-small cell lung cancer, hepatocellular carcinoma and melanoma (15, 21, 27) . Currently, there are four approved therapies that target the VEGF pathway; anti-VEGF antibody (bevacizumab) and small molecule inhibitors of the pathway (sorafenib, sunitinib, and pazopanib). Although these agents have demonstrated clinical benefit either as single agents or in combination with chemotherapy, there remains a need for further improving patient survival and for better tolerated therapies. The Ang2-Tie2 pathway is another key component of the tumor angiogenesis process, and is an attractive pathway to target to explore clinical benefit and tolerability in pathological angiogenesis such as in cancer patients. MEDI3617 is an Ang2-selective human IgG1κ anti-Ang2 monoclonal antibody that inhibits rhuAng2 binding and subsequent phosphorylation the Tie2 receptor in vitro. Hackett et al demonstrated that Ang2 expression is upregulated during retinal neovascularization and superficial retinal angiogenesis is incomplete in Ang2-deficient mice (9, 24) . Indeed, we were able to demonstrate that inhibition of Ang2 via treatment of newborn pups with MEDI3617 resulted in impaired retinal vascular advancement towards the periphery of the retina. In addition, we observed moderate and robust inhibition of the advancing retinal vasculature upon administration of 1 mg/kg and 10 mg/kg of MEDI3617, respectively.
We were able to demonstrate varying degrees of tumor growth inhibition in various tumor xenografts and work is ongoing to determine the differences in response observed. Interestingly, we observed that tumor growth inhibition in the Colo205 model was more robust when treatment was initiated in more established tumors, which suggests that larger tumors are more dependent on Ang2. This increased dependency on Ang2 could be fueled by increased hypoxia as growth of tumor cells surpass the vasculature formed from earlier rounds of angiogenesis, thereby triggering Ang2 to destabilize mature vessels formed during earlier rounds of angiogenesis and activating quiescent endo thelial cells (reviewed in refs. 1,28). While Nasarre et al (29) concluded from their study that Ang2 is only required for early stages of tumor development, results within this study and Mazzieri et al (30) clearly demonstrated enhanced tumor growth inhibition when treatment was initiated in late stage tumors. More importantly, inhibition of established tumors with MEDI3617 differentiates itself from inhibition of the VEGF pathway, which plays an early role in tumorigenesis by activating the angiogenic switch. In the RIP-Tag model of pancreatic islet cell carcinoma, where progressive neoplastic lesions have been well characterized, neoplastic lesion prior 
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to angiogenic switch are highly VEGF-dependent whereas established tumors are less dependent on VEGF (31) .
While anti-VEGF treatment displays broad spectrum activity, it is clear that resistance mechanisms can also develop where alternative angiogenesis pathways, such as FGF pathway, are engaged (32, 33) . We were able to demonstrate MEDI3617-mediated inhibition of neoangiogenesis in the BME/FGF2 plug assay resulting in decreased FITC-dextran perfusion into tumor vasculature as well as the lack of both vessels and presence of red blood cells, especially within the core of these plugs. In addition, treatment with MEDI3617 also resulted in moderate tumor growth inhibition in LoVo, a colorectal cancer xenograft model with high expression of FGF2 (Fig. 4A ). These results demonstrate that inhibition of Ang2 with MEDI3617 has antiangiogenic effects on FGF2-stimulated angiogenesis as well.
We utilized different modalities to provide evidence of the utility of imaging tumor vasculature as a pharmacodynamic marker for of MEDI3617 mediated Ang2 inhibition. Using FMT imaging, we are able to detect diminished signal emanating from MEDI3617 tumors as opposed to untreated tumors, suggesting that fewer functional vessels were present in the MEDI3617 treated group. These results are consistent with decreased K trans values by DCE-MRI in the Phase I studies conducted for AMG-386 and CVX-060 (34, 35) and further support this biomarker as a proof of mechanism for Ang2 inhibitors. In addition, we performed microCT imaging of Colo205 vascular casts. From qualitative and quantitative analyses, it was evident from these casts that while untreated tumors were generally highly vascularized, tumors treated with MEDI3617 had an overall reduction in vascularity. The cast data provide further evidence that following admninistration of MEDI3617, there are fewer functional vessels present within treated tumors.
Given the poor vessel perfusion in the MEDI3617 treated groups, we expected that this would lead to enhanced hypoxia within these tumors although this was not previously demonstrated by other studies reporting tumor growth inhibition when interfering with the Ang-Tie2 pathway (19, 36, 37) . In addition we demonstrated that HIF-1α and VEGF protein expression are significantly upregulated in hypoxic MEDI3617-treated tumors. Taken together these results suggest that MEDI3617 inhibition of Ang-Tie2 pathway results in inhibition of tumor angiogenesis, which in turn leads to an increase in hypoxia within the tumor, ultimately leading to inhibition of tumor growth. More importantly, the observation of a pharmacodynamic effect on tumor vasculature and tumor hypoxia before any decrease in tumor growth is observed suggests that biomarkers for tumor vascularity and/or hypoxia may demonstrate an impact of MEDI3617 treatment prior to any impact on tumor growth measured by RECIST criteria.
Given the data surrounding hypoxia addiction driving tumor invasion and metastasis, it is possible that this is a VEGF-class effect and this theory is not well understood at the present time (33, 38, 39) . In this context, MEDI3617 is also different from VEGF-class agents especially given recent data from Mazzieri et al (30) which demonstrated that anti-Ang2 monoclonal antibody treatment did not result in enhancement of tumor invasion and metastasis. In addition, Holopainen et al also demonstrated that MEDI3617 can inhibit lung and lymph node metastases (40) . Another possible mechanism that is currently being investigated is the impact on the integrin pathway since the association between Ang2 and α5β1 integrin has been previously been shown to affect metastasis (41) .
Although we can achieve tumor growth inhibition with MEDI3617 as a single agent, improved tumor growth inhibition can be achieved through targeting of both tumor and vascular components. We evaluated combinations of MEDI3617 (targets tumor vasculature) with chemotherapeutics (targets tumor component) such as paclitaxel and capecitabine (data not shown). These experiments revealed that combination of MEDI3617 with chemotherapy agents resulted in significant tumor growth delay compared to either treatment alone. Improved activity of VEGF-pathway inhibitors with chemotherapy have been partly attributed to vessel normalization (42, 43) . This is a likely mechanism given that the few functional vessels that remain in MEDI3617-treated groups, combination with chemotherapeutics provides delay tumor regrowth. Since angiogenesis is a process that involves the interplay of multiple signaling pathways, maximal inhibition of angiogenesis can also be achieved by inhibiting both Ang-Tie2 and the VEGF-VEGFR2 pathways. In addition, several groups have reported on the Ang-Tie2 pathway as being one of the compensatory mechanisms around VEGFR inhibitor therapies (32, 44) . Herein, we demonstrate that inhibition of tumor xenografts with MEDI3617 and bevacizumab can result in further delaying the tumor regrowth. Additional mechanistic studies are currently ongoing to determine the extent of vessel normalization, endothelial cell survival and alternative mechanisms. Two inhibitors, AMG-386 and CVX-060, currently have ongoing clinical trials evaluating the inhibition of these two pathways. Recently, Koh et al reported on DAAP, a double decoy receptor targeting VEGFA/PlGF and Ang1-4 (45) that inhibits tumor angiogenesis, vascular permeability and metastasis. These ongoing clinical trials, effects seen with DAAP that targets VEGF/PlGF and angiopoietin pathways and the findings we report herein support investigating the combination of MEDI3617 and VEGF therapeutics in the clinic. Overall in this study, we provide compelling data around inhibition of vasculogenesis, tumor angiogenesis and tumor growth inhibition. These data provide support for the clinical investigation and further biomarker studies of MEDI3617 in cancer treatment.
